Abstract-The insulin/insulin-like growth factor 1 (IGF1) signaling pathways are implicated in longevity and in progression of Alzheimer's disease. Previously, we showed that insulin-like growth factor 1 receptor (IGF1R) and downstream signaling transcripts are reduced in astrocytes in human brain with progression of Alzheimer's neuropathology and developed a model of IGF1 signaling impairment in human astrocytes using an IGF1R-specific monoclonal antibody, MAB391. Here, we have established a novel human astrocyte-neuron co-culture system to determine whether loss of astrocytic IGF1R affects their support for neurons. Astrocyte-neuron co-cultures were developed using human primary astrocytes and differentiated Lund Human Mesencephalic Cells (LUHMES). Neurite outgrowth assays, performed to measure astrocytic support for neurons, showed astrocytes provided contact-mediated support for neurite outgrowth. Loss of IGF1R did not affect neurite outgrowth under control conditions but when challenged with hydrogen peroxide IGF1R-impaired astrocytes were less able to protect LUHMES. To determine how loss of IGF1R affects neuronal support MAB391-treated astrocytes were FACS sorted from GFP-LUHMES and their transcriptomic profile was investigated using microarrays. Changes in transcripts involved in astrocyte energy metabolism were identified, particularly NDUFA2 and NDUFB6, which are related to complex I assembly. Loss of complex I activity in MAB391-treated astrocytes validated these findings. In conclusion, reduced IGF1 signaling in astrocytes impairs their support for neurons under conditions of stress and this is associated with defects in the mitochondrial respiratory chain in astrocytes. Ó 2018 Published by Elsevier Ltd on behalf of IBRO.
INTRODUCTION

11
During aging there is a gradual decline in growth hormone 12 and IGF1 which is associated with a decrease in muscle 13 mass and increase in fat deposition, as well as other 14 age-associated changes (Maggio et al., 2013) . Although relation to Alzheimer's type neuropathology (Moloney 24 et al., 2010 , Simpson et al., 2011 . In rodent astrocytes, 25 IGF1 signaling is important for glucose uptake, regulation 26 of glutamate transport and protection against oxidative 27 stress in the brain (Hamai et al., 1999, Suzuki et al., 28 2001, Genis et al., 2014) . In mice, reduced IGF1 levels 29 in the serum and cerebral cortex causes neurovascular 30 uncoupling which is linked to loss of metabotropic recep-31 tors and impaired release of vasodilator mediators, such 32 as arachidonic acid (Toth et al., 2015) . These studies sug-33 gest that astrocytic IGF1 signaling is important for main-34 taining the support and protection of neurons. 35 Previously, we developed an in vitro model of 36 impaired IGF1-signaling in human astrocytes to explore 37 how reduced input through this pathway affects function. 38 However no changes in phenotype were observed when 39 these astrocytes were grown in monoculture (Garwood 40 et al., 2015) . Astrocytes mature functionally when grown 41 with neurons, as demonstrated by upregulation of 42 astrocyte-specific proteins such as glutamate trans-43 porters (Swanson et al., 1997) and connexin 43/30 44 (Koulakoff et al., 2008) and changes in their transcrip-45 tomic profile that are more representative of astrocytes 46 found in vivo (Goudriaan et al., 2014) . In addition, previously to reduce IGF1R (Garwood et al., 2015) . After (Scholz et al., 2011 Fig. 1 . Co-cultured human ScienCellÒ astrocytes and LUHMES. Schematic depicts the time line for setting up the co-culture system. On day 0 LUHMES were differentiated by addition of tetracycline to the culture medium. Two days later differentiating LUHMES were plated onto control astrocytes. LUHMES and astrocytes were then co-cultured for 72 h prior to fixation, phase contrast image of co-cultured cells is shown. (A-C) .
Immunocytochemistry of co-cultured LUHMES and astrocytes after 72 h of co-culture. LUHMES were immunolabeled with b-III-tubulin (green), nuclei with Hoechst (blue) and astrocytes were labeled with (A) vimentin, (B) ALDH1L1 and (C) GFAP (all in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) relative to total Akt. Data are mean + SEM (n = 3, 3 replicates/experiment, unpaired student's t-test * = p < 0.05 and ** = p < 0.01). (B) GFP LUHMES were cultured alone or with control, IgG-or MAB391-treated astrocytes for 72 h and neurite outgrowth was assessed (scale bar represents 50 lm). Representative images of GFP LUHMES are shown, bar chart shows quantification of neurite lengths (measured in pixels). Data are mean + SEM (n = 3, 3 replicates/experiment, One-way ANOVA with post-hoc analysis, **** = p < 0.0001).
been enriched from co-culture during the FACS sorting 446 process (Fig. 5C ).
447
The which may be an IgG-specific effect (data not shown).
488
To assess this putative metabolic switch functionally, 489 a complex I assay and a lactate assay were performed.
490
Complex I activity was assessed since the expression of Bar charts show quantification of neurite lengths from these images (measured in pixels). Data are mean + SEM (n = 3, 3 replicates/experiment, unpaired student's t-test, *** = p < 0.001 and **** = p < 0.0001).
five genes involved in complex I assembly (NDUFA1, we reported a decrease in pAkt S473 24 h after treatment (Garwood et al., 2015) , but here we see an overall defect in mitochondrial function in these astrocytes (Werner and LeRoith, 2014 Magistretti, 1994; Marcillac et al., 2011; Brix et al., 625 2012; Kasparov, 2016; Machler et al., 2016 survival is compromised (Voloboueva et al., 2007 All of the authors discussed the interpretation of the 700 findings and contributed to planning throughout the work.
701
All of the authors commented and contributed to the paper. A complex I assay also showed that MAB391-treated astrocytes were less able to reduce NADH compared to IgG-treated and -untreated astrocytes in co-culture. Data are mean + SEM (n = 4, 3 replicates/experiment, One-way ANOVA with post-hoc analysis, * = p < 0.05 and ** = p < 0.01). (C) A complex 1 assay was also performed on MAB391-treated mono-cultured human astrocytes to confirm the reduction in co-culture was due to changes in complex-1 activity in astrocytes. Data are mean + SEM and are normalized to control (3 technical repeats, One-way ANOVA with post-hoc analysis, ** = p < 0.01).
